Measurements of the Linke turbidity factor (LTF) were performed at Belsk (20.78°E, 51.83°N), Poland, since 1964. This data is used to retrieve broadband aerosol optical thickness normalized to the air mass equal to 2 (BAOT2). A linear analysis of the BAOT2 changes reveals an upward trend of 0.023±0.017(2ı) in the 1964-1975 period, a downward trend of -0.051±0.017(2ı) in the 1976-1991 period, and afterwards a statistically insignificant trend of -0.009 ± 0.014(2ı). Such pattern may be related to the economic changes in Poland (changing emissions and environmental policies). The elevated BAOT2 values, excluded from the trend, are found in 1984 and 1992 due to the volcanic eruptions of El Chichon and Mt. Pinatubo, respectively. Past AOT values at 340 and 500 nm are reconstructed using a linear relationship found between AOT and BAOT2. The reconstructed data is used by the radiative transfer models to estimate a response of the total solar and erythemal radiation to the changes in the atmospheric aerosols at Belsk.
INTRODUCTION
The aerosol's impact on the climate is still one of the most uncertain aspects in the atmospheric science (IPCC 2013) . These uncertainties are caused mainly by the large spatial-temporal variability of the atmospheric aerosols. The aerosol optical properties are widely studied by the ground-based networks, for example AERONET (Aerosol Robotic Network) (Holben et al. 1998 ) and satellite based instruments (King et al. 1999 , Kaufman et al. 2002 , Mishchenko et al. 2007 ). The recent instrumentation development has allowed for almost complete coverage of the globe with remote aerosol observations. However, continuous observations over several decades are rather rare.
The first direct and automated aerosol optical thickness (AOT) measurements in Europe started in 1986 at Lindenberg station, Germany (Weller and Leiterer 1988) . The lack of earlier AOT data poses a significant difficulty for the performing of a reliable trend analysis (Zhao et al. 2008) . Some attempts were undertaken in the recent years to reconstruct past AOT values based on the archived solar irradiance data. Streets et al. (2009) carried out a wide study of the long-term solar irradiance, from NCAR and GEBA data base, to show the so-called "dimming-brightening transition" around 1980. They attributed the brightening to the decrease of the anthropogenic aerosol emissions and possibly to the increase in precipitation, especially in Europe. The model calculations showed the AOT trend of about -1% per year for Western Europe in the period 1980 -2006 (Stanhill and Cohen 2001 , Wild 2008 . Similarly, Ruckstuhl et al. (2008) found the AOT decrease of up to -3% per year at Zingst and Lindenberg stations (Germany) in the 1986-2005 period. While the local AOT trend seems to be slightly negative, this is not the case for the developing counties in Eastern and Southern Asia, and in Africa (Streets et al. 2009) .
Various retrievals of the atmospheric parameters were proposed throughout the years with a considerable amount of data being obtained and recorded. Linke (1922) proposed a measurement of the broadband (over the whole solar spectrum, 300-3000 nm) aerosol index, the so-called Linke turbidity factor (LTF), to be carried out in perfect clear-sky conditions. In Poland continuous LTF measurements have been performed since 1964 at Belsk (20.8°E, 51.8°N) (Michaáowska-Smak 1981) and on Mt. Kasprowy Wierch (1987 m a.s.l.) in Southern Poland (Uscka-Kowalkowska 2013, Markowicz and Uscka-Kowalkowska 2015) .
In this work the complete set of the aerosol data from the Belsk's observatory is analysed for the long-term AOT variability including: the broad band (300-3000 nm) AOT (BAOT) retrieved from the LTF pyrheliometric measurements . In addition, AOTs at 340 and at 500 nm, derived from the direct-sun observations by the CIMEL sun photometer obser-vations (2002-2012) , are also analysed. A reconstruction of AOT at 340 and 500 nm dating back to January 1964 is performed using a linear relationship between broadband aerosol optical thickness normalized to the air mass of 2 (BAOT2), which is retrieved from LTF and water vapour pressure measurements at the ground level, and the Cimel AOT values from simultaneous observations in the period 2002-2012. The reconstructed AOT yearly means are used for trend analyses in the period 1964-2014.
The reconstructed AOTs at 340 nm allows to estimate an impact of the long-term AOT changes on the surface UV levels at Belsk. Thinning of the ozone layer, caused by the anthropogenic emission of the ozone-depleting gases (e.g., freons, halons), has appeared to be one of the most concerning ecological issues since the discovery of the Antarctic ozone hole in the mid1980s (Chubachi 1984 , Farman et al. 1985 . A depleted ozone layer was also found over Belsk (KrzyĞcin et al. 2013) . Here an impact of the long-term AOT changes on the surface UV level at Belsk will be estimated. Reconstructed AOTs at 500 nm will also be used to estimate the direct effect of the aerosols, including both the scattering and the absorption of the radiation. The direct aerosol effects are calculated for the estimation of the long term change in the broadband solar energy flux at the Belsk station. The long-term aerosol effects on the surface total solar radiation and its UV part are calculated using the radiative transfer model simulations with the reconstructed AOT taken as the model input.
METHODS AND INSTRUMENTATION
The Belsk observatory (51.83°N, 20.78°E) is located in a rural area around 50 km south of Warsaw. The observatory is equipped with various instruments used for the measurement of the aerosol optical properties. A number of Sonntag pyrheliometers were used at Belsk to determine LTF values at the air mass m, T L,m , (IGY 1958) since 1964 and the data were published in the series of the Belsk's data annals (Michaáowska-Smak 1981) .
The CIMEL sun photometer has been operating in Belsk since 2002 as part of the AERONET. The instrument provides AOT values at several wavelengths as well as the total (in the whole vertical column of the atmosphere) precipitable water vapour (TPWV) content (Holben et al. 1998) .
T L,m represents a number of atmospheres containing neither aerosols nor water vapour that causes the same attenuation of total (over the whole solar spectrum) solar irradiance as that by the real atmosphere. The factor is typically calculated using the following formula (Grenier et al. 1994 
where į R,m is the optical thickness of aerosol free and dry atmosphere, m is the optical mass, I 0 is the solar constant (corrected by the eccentricity factor), and I m is the direct solar irradiance. The optical thickness of the aerosol free and dry atmosphere is obtained from the formula by Grenier et al. (1994) 
A generally accepted practice is to reduce broadband characteristics of the transparency or turbidity from the actual optical air mass m to the standard air mass, m = 2 (Ohvril et al. 2009 
next it is reduced to air mass equal to 2 as follows:
The atmospheric integral transparency coefficient provides the Linke turbidity T L,2 equal to (Ohvril et al. 1999 
To calculate broadband aerosol thickness at air mass equal to 2 (BAOT2) we use the formula:
where į R,2 denotes optical thickness of the aerosol free and dry atmosphere at m = 2 and į W,2 is broadband optical thickness of water vapour (Kannel et al. 2012) 0.32 ,2 1 ln 1 0.137 2
where w is TPWV [cm] content measured at the Belsk observatory by the CIMEL sun photometer since 2002. The standard least-squares fitting of w (in cm) on the surface water vapour pressure e (in hPa) is used to reconstruct the values of w before 2002 based on e values taken during routine meteorological observations at the station.
Linear regression is performed for both the warm and cold parts of the year to obtain the following formulas:
for warm half-year (April-September), and 0.006 0.123 w e (9)
for cold half-year (October-March). Previously published data from Belsk were elaborated with the method presented by Michalowska-Smak (1981) . Here T L,2 is directly calculated from formula 1. However, there are some gaps in the Belsk's data archives. These are filled up with the T L,2 data published in the Belsk's data annals after being recalculated and homogenized using the data from the direct sun measurements.
UNCERTAINTIES ANALYSIS
Firstly, a systematic error resulting from the reduction of the actual air mass, under which the measurements were performed, to the standardized value of 2 must be taken into account. The uncertainties grow as the air mass deviates from this standardized value. The minimum theoretical value of air mass at Belsk is ~ 1.14 (corresponding to the Sun's highest position in the sky during the summer solstice) while in this study only the measurements with the air mass below 3 were analyzed. The resulting relative uncertainties remain in the vicinity of 10% in both the ends of this interval.
The main source of BAOT2 uncertainties originates from the direct solar flux measurement errors. According to Markowicz and Uscka-Kowalkowska (2015) , the uncertainties are largest for low optical thicknesses and small air masses. In the case of BAOT2 of 0.05 and air mass near 1, the absolute uncertainty reaches 0.025 or 50% in the relative terms. On the other hand, for a moderately high BAOT2 of 0.25 and the air mass of 3 the uncertainty falls approximately to 3%.
Sonntag pyrheliometers have a field of view (FOW) of approximately 10.2°. The diffused solar radiation entering the detector leads to a slight underestimation of the measured BAOT2. The effect is usually small and only becomes significant for large AOD values measured under high optical mass, especially in the presence of large aerosol particles (Box and Deepak 1978) . Under these conditions the resulting uncertainty is approximately 10%.
Another contribution to the BAOT2 uncertainties is due to the TPWV retrievals (Eqs. 8 and 9) as the water vapour absorbs strongly in the infrared part of electromagnetic spectrum. Once again the resulting uncertainties change with the BAOT2 and air mass reaching relative values between 1.5 and 13%.
The total uncertainties of the BAOT2 retrievals were calculated from the exact differential of Eq. 6. Under moderate conditions of BAOT2 ~ 0.15 and m ~ 2, corresponding to the majority of the studied cases, the uncertainties remain below 20%. However, the relative errors become larger as the broad-band optical depth and the air mass decreases. In the extreme case of a very low BAOT of 0.05 measured under optical mass of 1.14, the uncertainty may reach 80%.
BROADBAND AEROSOL OPTICAL THICKNESS
Time series of the annually averaged BAOT2 for the 1964-2014 period is presented in Fig. 1 . The BAOT2 daily values are obtained using the formulas 1-9 from LTF and surface water vapour pressure measurements. For each year, the monthly means are calculated by averaging the BAOT2 values, next the yearly mean is obtained from the monthly means. The yearly values of BAOT2, shown as the grey squares in Fig. 1 , are approximated using Belsk's data annals.
The BOAT2 measurements for the air mass of less than 3 are taken for calculation of the annual averages. Thus the measurements in December are omitted from the averages. Moreover, the January and February data are not considered, as clear-sky conditions happened only during the Arctic air mass advection resulting in an underestimation of the BOAT2 values for those months. Lack of the data for any other months permits calculation of the yearly (March-November) means as there is no statistically significant seasonal BOAT2 pattern (see Fig. 2 ).
The standard least-squares fit to the parts of the yearly BAOT2 time series reveals the following trends: a slight upward trend of 0.023 ± 0.017 (2ı) per 10 years in the period of [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] 1964 -1975 , 1976 -1991 , and 1994 shown as the grey squares, are the recalculated values published in Belsk's data annals. Variability of the BAOT2 long-term pattern at Belsk is somewhat different than that reported for the former Soviet Union stations (Ohvril et al. 2009 ). The main difference is in the inflection point, which is in the mid1970s in case of Belsk and in the mid-1980s in case of most the former Soviet Union stations. However, the BOAT2 variability in Moscow is similar to that found at Belsk. Ohvril et al. (2009) explained it as an effect of Gorbachev's reform and a subsequent collapse of the former Soviet Union resulting in reduction of the aerosols emission. In our opinion, pattern of BAOT2 changes at Belsk reflects overall trends in the aerosols emission in Europe modified by the specific trends due to the changes in the Polish economy.
Upward trend up to 1980 was found by Michaáowska-Smak (1981) in the data taken at Belsk and in Warsaw. In case of Belsk, a lowering of the trend could be visible in second part of the 1970s. However in Warsaw, upward trend is visible up to the end of 1980. The rural stations like Belsk are mainly affected by distant aerosol sources due to the big cities and/or heavy industry air contamination (Pietruczuk and Chaikovsky 2012, Pietruczuk 2013) . The amount of this kind of aerosol could be related to the emission of the carbon and sulphates to the atmosphere. Both species are produced during the consumption of fossil fuels by industry, transport and domestic heating. Peak in sulphates emission is reported in the mid-1970s for both the western and the eastern part of Europe (Stern 2005) . However, in the case of Eastern Europe, additional secondary peak in mid-1908s is also reported. Black Carbon (BC) emission has a peak in the 1970s in the case of most of the western European countries, but in the late 1970s over the former Soviet Union (Junker and Liousse 2008) . Both peaks in BC and sulphates emission are coincident with start of lowering trend of BAOT2 at Belsk, which is enhanced by a slowing down of the Polish economy since mid-1970s, and a prolonged economic crisis in the 1980s and up to the beginning of the 1990s. Figure 3 illustrates a linear relationship between BAOT2 and AOT (at 340 and at 500 nm, respectively). AOT data was taken from the CIMEL sun photometer level 2.0 post calibrated dataset. Kannel et al. (2012) suggested that relationship between AOTs and BAOT2 should be parabolic but in our case a linear fit seems also to be a good approximation. Here it appears that both variables have a linear relationship. The squared value of the correlation coefficient (R 2 ) is around 0.7 in both cases. Thus, the linear regression formula of AOT at 340 and at 500 nm on BAOT2 could be used to reconstruct the spectral AOT time series back to the beginning of LTF observations. The following formulas are implemented for searching of past AOT values: 
RECONSTRUCTED AOT AT 340 AND 500 NM
Figure 4 depicts a time series of the annual means of the reconstructed AOTs at 340 and 500 nm as well as AOTs measured by CIMEL Sun-photometer. CIMEL's annual means are calculated using all available values and the same method as in case BAOT2. Note that observed and reconstructed data agree very well, as R 2 is around 0.8 in both cases. Annual AOT means show a declining tendency since the mid-1970s up to about the mid-1990s and subsequent levelling off. Two local AOT maxima (~ 1984 and 1992) , which are forced by the large volcanic eruptions of El Chichon and Mt. Pinatubo, are clearly seen. It seems that the long-term variability of atmospheric aerosols significantly influenced solar radiation reaching the Earth's surface. The reconstructed AOT values at 340 and at 500 nm are used as input values of radiation transfer model, to reconstruct solar irradiances back to the mid-1960s at Belsk in the UV range and in the whole (~300-3000 nm) solar range, respectively.
THE AEROSOL EFFECTS ON SURFACE UV
The decreasing AOT at Belsk may cause an increase of the UV-B (290-315 nm) flux at the ground-level. To compare the ozone and aerosol forcings on the surface UV we calculate the so-called UV index (UVI, i.e., daily maximum of the erythemally weighted irradiance) in the period 1964-2014 for clear-sky conditions using the observed values of total ozone (by the Belsk's Dobson spectrophotometer) and the reconstructed AOT at 340 nm (see previous section).
The erythemally weighted irradiances at the Belsk's noon for clear-sky conditions are obtained from the radiative transfer (RT) calculations by the TUV model ver. 4 (source code available at web page http://cprm.acd.ucar. edu/Models/TUV) using daily values of total ozone and AOT at 340 nm as the model's input values. The fixed values of the single scattering albedo (SSA) of 0.94, ground albedo of 0.03, and the asymmetry factor (AF) of 0.70 are assumed. SSA and AF values are calculated at 441 nm wavelength averaging the AERONET data for Belsk. These value are used for the whole UV range (290-400 nm). It seems possible that SSA and AF depend on a wavelength and exhibit long-term variations, but here we would like to delineate an impact of only AOT changes on the UVI in the period 1964-2014. The AOT at 340 nm is representative for the UV wavelengths decisive for the erythemal irradiance (~ 310 nm) as Jarosáawski et al. (2003) show that the Ångström coefficient is approximately zero for the range 340-310 nm (see their Fig. 6b ). Constant ground albedo of 0.03 in the UV range is typical for snowless surfaces (Blumthaler and Ambach 1988) excluding deserts or salt flats and thus this value has been used in many surface UV simulations (e.g., Degünther et al. 1998) .
The RT calculations are made for days when both the ozone and aerosol data are available. Figure 5 shows the long-term total ozone variability with a decline of ~ 5% in the period 1980-1995 and the stabiliza- Ozone tion afterwards. Next, the monthly mean UVI values are obtained by averageing the daily data. We consider the monthly means for the MarchNovember period, as it was previously performed in the case of the BOAT2 yearly data. Two time series of the UV index for the period 1964-2014 are calculated assuming the following RT input: (i) actual daily values of total ozone and reconstructed AOT at 340 nm, (ii) actual daily values of total ozone and fixed AOT at 340 nm value, 0.33 being the long-term (2000-2014) AOT mean for the March-November period. Next, the monthly fractional difference is obtained by subtracting the long-term (2000-2014) monthly mean UV index from the actual monthly mean UV index. This difference is expressed as a percentage of the long-term means. Figure 6 shows both time series of the monthly fractional differences. The long-term variability of the combined aerosol and ozone forcing on the surface UV could be inferred from the smoothed pattern of the fractional differences by the RT model with (i) input. The UV response to the ozone forcing is derived from the fractional differences obtained by the RT model simsimulations using (ii) input. It is visible that the two curves are different in the period 1964-1996, suggesting a strong aerosol forcing on the surface UV field in that period. Figure 7 presents the difference between the former and the latter time series of the UV index fractional differences. The aerosols force the maximum UV index decline of 6% in the mid-1970s and the trend of about ~3% per decade in the period , that is comparable with the trend due to total ozone in that period (see dashed curve in Fig. 6 ). It is seen that the total ozone and the aerosol changes had almost equal impact on the UV Index, both resulting in ~ 5-6% increase in the period . It seems that a continuation of increasing UV tendency for clearsky conditions will be unlikely in the next decades as the atmospheric ozone started to recover over extratropical regions since the end of the 1990s (WMO 2011) and no further cleaning of the atmosphere from the industrial aerosols is expected, as the Polish economy has started to recover in the recent years.
THE AEROSOL EFFECTS ON TOTAL SOLAR RADIATION
Changes of AOT at Belsk may result in the changes of the total solar radiation reaching the ground-level (Jarosáawski et al. 2003, Jarosáawski and KrzyĞcin 2005) . Simplified radiative transfer model by Bird and Riordan (1986) is used with the input data including reconstructed AOT at 500 nm and water vapour content series as well as total ozone from the Dobson spectrophotometer. Additional physical parameters characterizing aerosols are required by the model. These are set based on averaged values from the Belsk station (taken from AERONET database for 2002-2010 period). The Only the period between March and November is considered for each year in order to minimize the effects of high uncertainties associated with measuring the Linke turbidity factor during low solar elevation angles. Finally a smoothing algorithm is applied to reveal the trend. The obtained results are depicted in Fig. 8 .
A total change of approximately 3% for the period 1970-2014 is observed. A "dimming" event, associated with the Mt. Pinatubo volcanic eruption of 1991 is seen in the following two years. As previously mentioned, the "dimming-brightening transition" may be observed at Belsk around 1974 compared to 1980 in Western Europe. A similar trend overturning was found by Wild (2008) in a simulation conducted for the high latitude (60°N -90°N) surface solar radiation anomalies but he found the observed dimmingbrightening transition in Western Europe around 1980. A turbulent nature of the Polish economic and industrial growth during the Soviet and early postSoviet era may be a factor that distinguishes the country from its western neighbours, which were developing in a more steady manner. 
SUMMARY AND CONCLUSIONS
The archived Linke turbidity factor and the surface water vapour pressure measurements are used to calculate the 40-year long series of the broadband aerosol optical thickness at Belsk normalized to air mass equal to 2. The trend analysis of BAOT2 reveals a slight upward trend of 0.023 ± 0.017 (2V) per 10 years in the period of [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] , next strong downward trend of -0.051 ± 0.017 (2V) in the period 1976-1991, and since then a levelling off. Such a behaviour is possibly related to the economic changes in Poland in the last few decades. The local AOT maxima at Belsk are found in 1984 and 1992 due to the volcanic eruption of El Chichon and Mt. Pinatubo. High correlation was found between the changes in the BAOT2 and concurrent AOT at 340 nm and at 500 nm measured by the CIMEL sun photometer in the period 2002-2012. This allows for the reconstruction of the historical AOT values, dating back to January 1964. The reconstructed AOT values are then used to calculate trends in the total solar radiation and its UV part at the ground level.
The aerosol changes cause ~ 6% increase of UV index in the period 1974-1996 that is comparable with the ozone decline impact on UV in that period. Further increase of the surface clear-sky UV index at Belsk, related to the atmosphere "brightening", is unlikely in the next decades as it seems that the atmosphere aerosol loading in Poland reached the minimum level in the late 1990s. The modelled changes in the broadband (~ 300-3000 nm) solar energy flux, which are calculated for clear-sky conditions using the reconstructed AOT at 500 nm, show ~ 3% increase of the clear sky total solar radiation in the period 1970-2000 that confirms the overall atmosphere "brightening" over Central Poland.
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